The human mesenchymal-epithelial transition factor (c-Met) pathway is one of the most frequently dysregulated pathways in human cancer (1, 2 ). An activated c-Met signaling pathway promotes tumor cell growth, survival, migration and invasion, as well as tumor angiogenesis and metastasis. The aberrant activation of c-Met in many human cancers is due to met gene amplification, transcriptional up-regulation, point mutations, or ligand-mediated (hepatocyte growth factor, HGF) autocrine or paracrine stimulation (3, 4) . As a result, c-Met has attracted considerable attention as a potential target for therapeutic intervention in oncology (3, 5) . Small molecule cMet inhibitors and therapeutic monoclonal antibodies that inhibit c-Met activity have exhibited anti-tumor activity in preclinical models (6) . ARQ 197 ( Fig 1A) is a low molecular weight, orally bioavailable, selective inhibitor of c-Met (7, 8) . It has been shown to arrest c-Met-dependent downstream signaling by disrupting both constitutive and ligand mediated c-Met phosphorylation.
ARQ 197 inhibits c-Met activation across a range of human tumor cell lines and shows anti-tumor activity in several human tumor xenografts (7) . In clinical studies to date, ARQ 197 has been well-tolerated and has yielded encouraging clinical responses, showing prolonged stable disease across a range of human tumors either alone or in combination with other agents (9, 10) . In a subset of patients with nonsmall cell lung cancer (NSCLC), met gene amplification is associated with both de novo and acquired resistance to pharmacologic EGFR inhibition (11) . Recent results from a randomized Phase II trial of ARQ 197 in combination with erlotinib demonstrated a 66% improvement in median progression-free survival in patients with advanced refractory NSCLC when compared to patients treated with erlotinib alone (9) .
ARQ 197 was initially identified as being of potential therapeutic interest in cell-based systems.
Using classical enzyme kinetics analyses, ARQ 197 was subsequently characterized as non-ATP competitive (7) . Since ARQ 197 is not competitive with ATP and retains its potency in cells, we sought to characterize the molecular basis for this behavior by using biophysical, biochemical and structural studies.
Our results demonstrate that ARQ 197 recognizes the canonical autoinhibited conformation of c-Met and selectively inhibits the inactive, unphosphorylated form of this kinase. These findings advance our understanding of how c-Met signaling can be inhibited by small molecules. Furthermore, ARQ 197 represents a novel class of kinase inhibitor, and by understanding its mode of inhibition, it is predicted that inhibitors of other kinases of interest which target the inactive or autoinhibited form can be discovered.
Experimental procedures
Expression and purification of unphosphorylated form of c-Met-cDNA of full-length c-Met purchased from Origen Technologies was used as a template for PCR amplification. The cloning and expression protocol was adopted from that previously reported (12) . The DNA fragment encoding the kinase domain (1038-1346) was inserted into Novagen vector pET28a between the Nco1 and Sal1 sites. The primers were designed to contain a six-histidine tag to the N-terminus. In order to express unphosphorylated c-Met kinase protein, a tyrosine phosphatase PTP1B (1-283) was sequentially ligated into the construct between the SalI and NotI sites. A second ribosome binding site was incorporated in the PTP1B primer after the SalI site.
The resulting construct produced N-terminal His-tagged fusion kinase protein expressed in Codon-Plus BL21 (DE3)RIL E.coli cells (Stratagene). Cells were grown in 2X YT-broth (MP Biomedicals), cultured up to 0.8 absorbance units at 600 nm at 25°C and induced with 0.25 mM of IPTG overnight at 12°C. The coexpressed protein was purified by metal-chelation chromatography followed by anion and cationexchange columns. In brief, cell pellets from 9 liters of culture media was suspended in 50 mM Tris, pH 8.5, 150 mM NaCl, 10% glycerol, 25 mM imidazole, pH 8.5, 1 mM PMSF. The cell suspension was lysed by sonication and 0.5% Triton X-100 was added to the lysate before centrifugation. A clear supernatant was obtained by centrifugation at 50,000 xg for 45 minutes and was passed on to the Ni-NTA column beads (Invitrogen) at 4°C. The column was washed with a high salt buffer (25 mM Tris, pH 8.5, 0.5 M NaCl, 25 mM imidazole), and the protein was eluted with 300 mM imidazole pH 8.5, 100 mM NaCl and 7.5% glycerol. Following concentration using Amicon ultrafiltration centrifugal tubes (30kD mol. wt cutoff), the protein was dialyzed in a buffer containing 25 mM Tris, pH 8.5, 10% glycerol, 0.1% 2-mercaptoethanol for 5 hours at 4°C. The dialyzed protein was purified using Q FFion exchange cartridge (GE Healthcare) and eluted using buffer containing a salt gradient of 0-0.3 M NaCl. The c-Met protein was further purified using size-exclusion chromatography on a Superdex 200 column and eluted with 25 mM TrisHCl pH 8.5, 100 mM NaCl, 10% glycerol and 0.1% 2-mercaptoethanol. The c-Met protein was concentrated to 15 mg/ml and stored at -80°C. The resulting c-Met preparations were analyzed for their degree of phosphorylation by mass spectrometry and confirmed as fully unphosphorylated.
Indirect affinity mass spectrometry (IA-MS) assay-
The relative affinity of ARQ 197, and its c-Met inactive enantiomer ARQ 198, for the unphosphorylated c-Met protein and for a control Type III RTK kinase domain (FGFR2) was measured by indirect affinity mass spectrometry (13) . Briefly, binding mixtures were 25 L in volume and contained 14 M protein, 20 M inhibitor in 25 mM TRIS-HCl (pH 7.5), 100 mM NaCl, 0.1% 2-mercaptoethanol and a 2% final DMSO concentration. Protein and inhibitors were incubated for 1 hour at room temperature, and cooled briefly on ice prior to the separation step. Protein bound inhibitor was separated from the unbound inhibitor by fast centrifugation at 4°C through a size exclusion gel in a 96 well plate format. A control containing 20 M inhibitor in buffer was used to verify that no inhibitor passed through the gel in the absence of protein carrier.
Eluent from the size exclusion column (~ 25 L) was mixed with 30 L of internal standard in DMSO:H 2 O (1:1) and analyzed for the presence of small molecular weight inhibitor by LC/MS. Sample was injected onto a Waters 2795 HPLC equipped with an Atlantis C18 column (2.1x30mm, 3 m) and separated at 0.5 mL/min by a water/acetonitrile gradient with 0.1% formic acid as modifier starting from 10% and reaching 90% acetonitrile in 5 minutes, and re-equilibrating in 10% acetonitrile for another 3 minutes. HPLC flow was directed to a triple quadrupole mass spectrometer equipped with an ESI probe, which was operated in single ion reaction (SIR) monitoring mode, with the following parameters; capillary voltage 3.5V, cone voltage 20V, source temperature 120C, desolvation temperature 450C, dwell time of 0.5 seconds and unit mass resolution on each quadrupole.
Continuous spectrophotometric assay:
Kinase autophosphorylation assays-Kinase activity was monitored using a continuous spectrophotometric assay as described previously (14) . In this assay, the consumption of ATP is coupled via the pyruvate kinase/lactate dehydrogenase enzyme pair to the oxidation of NADH, which is monitored as the decrease in absorption at 340 nm. Reaction mixtures contained 25 mM Tris (pH 8.0), 100 mM NaCl, 10 mM MgCl 2 , 1 mM phosphoenolpyruvate, 0.28 mM NADH, 89 U/ml pyruvate kinase, 124 U/mL lactate dehydrogenase and 2% DMSO.
The enzyme and various concentrations of ARQ 197 were incubated for 30 minutes at 4 o C. The ADP-coupling reaction was initiated by the addition of ATP to the assay mixtures containing enzyme and ARQ 197 complex in a total reaction volume of 50 L. The assay was carried out in 384-well plates, and the rate of absorbance decrease at 340nm was monitored using a Tecan Safire II instrument at (40 µM) and ATP (0.1 mM) were added to initiate the phosphorylation reaction. The reaction was stopped at various time intervals by addition of EDTA, and aliquots were analyzed using an Acquity/QTOF system. The phosphorylation time course of the Pyk2 peptide was monitored by the increase of the peptide mass due to the phosphate addition. In a second set of experiments, c-Met (0.5 µM) was pre-activated by incubation with ATP (0.5 mM) for 1 hour. Activated c-Met was treated with ARQ 197 (20 µM) for another 1 hour, followed by addition of Pyk2 peptide (40 µM) and ATP (0.5 mM). Pyk2 phosphorylation was measured as described above.
Crystallization and structure determination of cMet-ARQ197 complex-For co-crystallization, unphosphorylated c-Met was diluted to 10 mg/ml with a buffer of 25 mM Tris pH 8.5, 100 mM NCl, 5% glycerol, 0.1% 2-mercaptoethanol and ARQ 197 was added from a 50 mM (100% DMSO) stock solution to a final concentration of 1mM. Thin needle crystals were obtained at 4°C by vapor diffusion using 13% ethanol, 12% ethylene glycol, 100 mM imidazole pH 8.5. Microseeding was employed to generate single diffraction quality crystals. Crystals were flash frozen in liquid nitrogen in the presence of well solution supplemented with 30% ethylene glycol. The diffraction data was collected at NSLS X29 beamline synchrotron X-ray source at 100 K. The crystals were indexed to the triclinic space group with two molecules in the asymmetric unit and a solvent content of 45%. The raw data was processed and integrated using MOSFLM, and the intensities were sorted and merged with SCALA. The structure was solved by molecular replacement using the program Phaser as implemented in CCP4 (15) using a search model of apo-c-Met kinase crystal structure (PDB ID; 2G15). The critical structural elements, the Aloop (residues 1222-1247) and the glycine-rich loop (residues 1086-1091) were deleted from the search model. After a few initial rounds of automated model building and refinement using Arp/wARP (16), the structure was refined using iterative cycles of model building in Coot, followed by simulated annealing using CNX, restrained refinement using REFMAC. Molecular graphics were rendered with PyMol (17) .
Results

ARQ 197 shows enantioselective binding to the unphosphorylated c-Met.
We began our studies by measuring the binding of ARQ 197 and its c-Met inactive enantiomer ARQ 198 to the unphosphorylated form of c-Met. The c-Met kinase domain was expressed and purified in an unphosphorylated state as reported previously (18) and the phosphorylation status was confirmed by mass spectrometry. The low aqueous solubility and strong UV absorption properties of the two enantiomers precluded the use of traditional binding assays using SPR, ITC or fluorescence techniques to obtain quantitative affinity measurements.
Instead, the relative binding affinity of the two enantiomers was measured by indirect-affinity mass spectrometry (IA-MS) (19) .
The specificity of binding was tested by including an additional inactive receptor tyrosine kinase (FGFR2) as control (Fig. 1B) . ARQ 197 bound to the inactive c-Met protein and did not bind to FGFR2. In contrast, the enantiomer ARQ 198 did not bind to either protein.
ARQ 197 inhibits the catalytic activity of c-Met.
To elucidate the mechanism by which ARQ 197 inhibits c-Met, we measured the inhibition of both autophosphorylation and substrate phosphorylation reactions.
A continuous spectrophotometric kinase assay was used to measure the kinase activity of the catalytic domain of c-Met. To determine the IC 50 for the inhibition of c-Met autophosphorylation, the enzyme was incubated with varying concentrations of ARQ 197 and activity measured in the presence of 100 M ATP.
The progression of the autophosphorylation was found to be biphasic, indicating that the activation of c-Met is a bimolecular trans-phosphorylation reaction (Fig.  1C) . As the concentration of ARQ 197 increased so did the lag phase preceding the autophosphorylation reaction. Following the lag phase, inhibition of the initial rate (the first twenty minutes) of autophosphorylation gave an IC 50 value of 548 ± 120 nM. However, once the autophosphorylation reaction had been allowed to continue for an hour, the IC 50 value increased by 10-fold, to approximately 5 M. Under similar experimental conditions, ARQ 198 did not inhibit c-Met activity at concentrations up to 40 M (Fig.  1D) . Consistent with weak binding to c-Met, as shown by the IA-MS experiment, these results show ARQ 198 to be c-Met inactive.
The effect of ATP concentration on the inhibition of c-Met autophosphorylation by ARQ 197 was also evaluated. A rapid decrease in the lag phase of c-Met autophosphorylation with increasing ATP concentration was observed as was a rapid increase in IC 50 values with the progress of the reaction (Fig. 1E-F) . The IC 50 values determined for c-Met inhibition by ARQ 197 within 20 minutes of the start of the autophosphorylation reaction, following the lag phase, increased non-linearly with increasing ATP concentration. At an ATP concentration close to the K m of c-Met (0.1 mM), the IC 50 was 550 nM. This increased to 9 M at a saturating ATP concentration of 0.5 mM.
In order to better understand the ATPdependent inhibition of c-Met activation by ARQ 197, levels of phosphorylation of residues Tyr 1234 and Tyr 1235 of the A-loop were measured by mass spectrometry. Phosphorylation of c-Met in the absence or presence of ARQ 197 was determined either with 0.1 mM or 1 mM ATP, and the mass of c-Met was measured at various time intervals (Fig. 2 A, B and Supplementary Fig. 1 A-B and Supplementary Fig 2A-D) . As reported for other RTKs, activation of c-Met was sequential. The sequence of these phosphorylation events was determined by mass spectrometric analysis of the phospho-peptides ( Supplementary Fig. 3, 4 and 5) . The A-loop Tyr 1234 was the first residue to get phosphorylated followed by the adjacent Tyr 1235. The order of phosphorylation remained the same in the presence of ARQ 197. Consistent with the spectrophotometric experiments, ARQ 197 inhibited c-Met autophosphorylation in a time and ATP concentration-dependent manner.
Preincubation of the enzyme with increasing concentrations of ARQ 197 increased the length of the c-Met lag phase and significantly inhibited autophosphorylation of the first tyrosine residue in a concentration dependent manner ( Fig. 2B and Supplementary Fig. 3A) . Phosphorylation of the Tyr 1235 residue was also dramatically inhibited by ARQ 197. A similar trend was observed at 1 mM ATP concentration, although the overall rate of c-Met activation was increased ( Supplementary  Fig. 1A and B) . In the presence of ARQ 197 the lag phase was increased over that measured in the absence of ARQ 197.
ARQ 197 preferentially inhibits the inactive form of c-Met.
To further probe the loss of inhibitory potency of ARQ 197 as a function of time and ATP concentration in the autophosphorylation reaction we investigated the effect of c-Met activation upon inhibition by ARQ 197. A range of pre-activated forms of c-Met were generated by pre-incubation with ATP activation (0.1 mM) for different lengths of time. The degree of phosphorylation was determined by mass spectrometry ( Figure 2C ) under similar conditions. The resulting individually phosphorylated species of c-Met were tested in the autophosphorylation inhibition assay and the inhibitory activity of ARQ 197 was measured at a saturating concentration (30 M). The decrease in inhibition by ARQ 197 from the unphosphorylated form (set at 100% inhibition) to the doubly phosphorylated form is shown in Fig. 2D . The loss of inhibitory activity of ARQ 197 correlated well with the decrease in the amount of unphosphorylated species. These results indicate that ARQ 197 preferentially targets the inactive form of c-Met to exert its inhibitory activity. This is discussed later in the context of the co-crystallographic results and the conformational changes that take place upon ARQ 197 binding to c-Met.
Previous studies have indicated that the kinase domain of c-Met is catalytically highly active, once c-Met autophosphorylation has been initiated, its catalytic efficiency increases rapidly, converting it to a fully active form in a time and ATP dependent manner (18, 20) . The striking decrease in the lag phase in the autophosphorylation reaction in response to increasing ATP concentration further indicates the rapid depletion of the inactive form of c-Met.
ARQ 197 inhibits substrate phosphorylation by selectively inhibiting c-Met autophosphorylation.
The inhibitory activity of ARQ 197 was evaluated by measuring the inhibition of substrate phosphorylation. Unphosphorylated c-Met was pre-incubated with varying concentrations of ARQ 197 and the substrate phosphorylation reaction was measured at a saturating concentration of synthetic Pyk2 peptide at 0.1 mM ATP. From the initial rates of peptide phosphorylation an IC 50 value of 480 ± 100 nM was obtained, which is consistent with the potency observed for the inhibition of autophosphorylation (Fig. 3A) . At 1 mM ATP, the IC 50 for the inhibition of substrate phosphorylation by ARQ 197 was increased by 15-fold, which confirmed the results observed in its ATP-dependent loss of inhibition of the autophosphorylation reaction.
The inhibitory activity of ARQ 197 on the active form of c-Met was evaluated. Fully activated c-Met was prepared by treatment of the unphosphorylated c-Met with 0.5 mM ATP for 1 hour at room temperature and the progress of cMet phosphorylation measured by continuous spectrophotometry. Both the phosphorylated and unphosphorylated (control) c-Met were pre-treated with increasing concentrations of ARQ 197 and the inhibition measured at an identical substrate and enzyme concentration for both forms of kinase supplemented with 0.5 mM ATP. While the control, unphosphorylated c-Met displayed ARQ 197 concentration dependent inhibition of substrate phosphorylation (Fig. 3B) , the phosphorylated c-Met under similar assay conditions showed no detectable inhibition up to 30 M of ARQ 197 (Fig. 3C) . Thus ARQ 197 does not inhibit the active (phosphorylated) form of c-Met since phosphorylation of exogenous peptide substrate is not affected. Additionally, the phosphorylation state of the substrate Pyk2 peptide was determined directly by mass spectrometry. As shown in Fig. 3D , pre-incubation of ARQ 197 with unphosphorylated c-Met resulted in efficient inhibition of phosphorylation of the Pyk2 peptide. However, when ARQ 197 was pre-incubated with activated c-Met, the effect of the inhibitor on substrate phosphorylation was negligible ( Fig. 3E and Supplementary Fig. 8 ), confirming that ARQ 197 is highly selective for the inactive form of cMet.
Structural basis for the inhibition of c-Met by ARQ 197.
To determine how ARQ 197 achieves both high specificity for the inactive form of c-Met and selectivity across the kinome in conventional kinase assays (7), we solved the crystal structure of unphosphorylated c-Met in complex with ARQ 197. The structure consists of two identical copies of c-Met-ARQ 197 complexed in an asymmetric unit. ARQ 197 binds inactive c-Met between the N-and C-lobes and occupies the ATP-binding cleft (Fig. 4A) . The five-membered pyrrolidine-2,5-dione ring system of ARQ 197 which connects the two aromatic rings of the tricyclic and indole ring makes canonical H-bond hinge interactions with the carbonyl and amide N-H groups of the backbone amide of Met 1160 and carbonyl of Pro 1158 (Fig. 4B) . The indole ring is in close proximity to the adenine binding region projecting into the solvent area. The nitrogen of the indole ring makes a water mediated hydrogen bond interaction with the backbone carbonyl of Lys 1161 near the hinge. The periphery of the hydrophobic ring contacts Gly 1085 of the glycine rich-loop β-strand.
The tricyclic ring is perpendicular to the pyrrolidine-2,5-dione ring and is bound deep inside the hydrophobic pocket where it occupies the region between the ribose ring sugar and the α-phosphate groups of ATP.
ARQ 197 recognizes a novel hydrophobic pocket in unphosphorylated c-Met.
ARQ 197 binds to a previously uncharacterized hydrophobic pocket which accommodates the non-polar tricyclic ring in the ATP-binding cleft ( Fig. 4A and 5A ) with a high degree of complementarity. An ordered conformation of the glycine rich-loop folds down, and the aromatic ring of Phe 1089 stacks on the upper plane of the tricyclic ring of ARQ 197. The lower plane of this ring forms stacking interactions with the phenylalanine of the DFG-motif. Together the phenylalanine residues from the glycine rich-loop and DFG-motif interact with the tricyclic group to form a 'hydrophobic sandwich'. The non-polar alkyl side chain of Arg 1227 of the A-loop covers, and provides an additional hydrophobic interaction with the tricyclic moiety. Likewise, the alkyl side chain of the catalytic Lys 1110 caps the hydrophobic pocket.
ARQ 197 stabilizes the DFG-out conformation of c-Met and disrupts the interactions between the key catalytic residues.
In kinases, the DFG-motif of the A-loop is an important determinant of activity, and the catalytically incompetent DFGout conformation of the kinase has been the preferred conformation for designing inhibitors of inactive kinases (21) . In the c-Met-ARQ 197 complex the kinase adopts the DFG-out conformation where Phe 1223 sandwiches the tricyclic moiety of ARQ 197 and stabilizes the inactive conformation. The N-terminal region of this A-loop is further stabilized through the interaction of Arg 1227 with the tricyclic group. Arg 1114 from the β3-αC loop forms a hydrogen bond with the backbone Arg 1227 and anchors the N-terminal region of the A-loop between ARQ 197 and the C-helix. As a result of this insertion of part of the A-loop, the C-helix moves away from ARQ 197 by a distance of 18Å (Fig. 4B) .
The C helix, another key regulatory element in active kinase structures, is close to the ATP-binding pocket, which is crucial for maintaining the ion-pair interaction between the conserved catalytic Glu 1127 and Lys 1110 residues. The structural rearrangement imposed by ARQ 197 at the ATP-binding cleft breaks the ion-pair interaction between these catalytic residues and further stabilizes the inactive conformation of c-Met. Glu 1127 swings out to the solvent accompanied by the C-helix shift. The alkyl side chain of Lys 1110 twists and participates in a hydrophobic interaction with the tricyclic moiety of ARQ 197, and the side chain -NH 2 group forms a salt bridge with Asp 1228 of the A-loop (Fig. 4B) . A similar structural feature has been observed in several inactive kinases, including recently reported ATP-competitive cMet-inhibitor complexes (22, 23) , however, these inhibitors target the inactive c-Met conformations by different structural mechanisms. Importantly, the transformation of the highly polar-ATP binding region into an ATP-incompatible nonpolar inhibitor binding pocket makes the c-Met-ARQ 197 complex a novel structure compared to previously described kinase-inhibitor structures (Fig. 5A) .
The substrate binding loop in the c-Met-ARQ 197 complex adopts the canonical autoinhibited conformation.
A centrally located A-loop in most kinases is an essential regulatory element for enzyme activity, and in the unphosphorylated state it adopts diverse conformations that are incompatible with substrate binding. In several inactive kinases, the activation loop forms a short anti-parallel β-strand and functions as a pseudosubstrate to prevent productive binding of ATP and/or peptide substrate (24). The A-loop of the cMet-ARQ 197 complex exhibits such a canonical auto-inhibited conformation (Fig. 4C and Fig. 5B ). Tyr 1234 of the A-loop is exposed and Tyr 1235 is sequestered into the active site where it occupies the site of the substrate tyrosine residue. Tyr 1235 is held by a hydrogen bond network formed by Asp 1204 and Arg 1208 of the catalytic loop (the strictly conserved residues across the type III RTKs) (25) , and Tyr 1234 is directed towards a positively charged region formed by the guanidinium groups of Arg 1166 and Arg 1170. The canonical auto-inhibited conformation observed in the c-Met-ARQ 197 complex is distinct from the previously reported autoinhibited conformation of unphosphorylated apoc-Met (12) . Interestingly, c-Met adopts diverse inactive conformations bound to various c-Met inhibitors including non-specific ATP-competitive kinase inhibitors (26) . However, the canonical auto-inhibitory conformation of the c-Met-ARQ 197 complex has some similarity with previously published inhibitor-bound c-Met structures (27) and the recently deposited structure (PDB ID; 2WGJ) ( Supplementary Fig. 6A-B ), but they adopt distinct inhibitor binding pockets mediated by both polar and non-polar interactions typically observed in kinase-inhibitor structures ( Supplementary Fig. 6C-D) .
While to date no published active c-Met structure is available, comparison of the c-Met-ARQ 197 complex with the active form of other Type III RTKs (24,28), and with phosphorylated insulin receptor bound to AMP-PNP and peptide substrate (29) , suggests that the conserved Arg 1227 residue plays a role in stabilization of the Aloop upon phosphorylation of c-Met through direct hydrogen bonding with phosphorylated Tyr 1235 ( Fig. 4B and 5B). Binding of ARQ 197 to c-Met induces a dramatic conformational change on Arg 1227 through direct hydrophobic interaction of the alkyl side chain with the tricyclic moiety of ARQ 197. This interaction is further stabilized by a hydrogen bond between the amide carbonyl of Arg 1227 and the guanidinium group of Arg 1114. Disruption of a number of such conserved key electrostatic interactions in c-Met is necessary to stabilize the hydrophobic interaction with ARQ 197. Such structural alterations also impact the hydrophobic spine assembly which is critical for kinase activation (30) as the hydrophobic interaction of ARQ 197 with Phe 1223 (DFG-out conformation) followed by the movement of the C-helix could prevent the hydrophobic spine assembly (Fig. 5C and 5D ). These interactions provide another level of autoinhibitory stabilization for c-Met.
ARQ 198 does not fit the structure of ARQ 197 bound c-Met.
Docking experiments were performed to determine if the biochemically inactive enantiomer ARQ 198 could be accommodated in the structure of c-Met bound to ARQ 197 in a similar binding mode. Either of the pyrrolidine-2,5-dione carbonyl groups can form the critical hydrogen bond with the hinge; however, in both cases ARQ 198 is not accommodated due to unacceptable steric contacts with the protein (Supplementary Fig. 7 ).
Discussion
ARQ 197 is an enantio-specific inhibitor of c-Met with selectivity across more than 200 kinases as shown in a conventional biochemical assay panel screen. Previous work showed ARQ 197 to inhibit the c-Met pathway in cell-based assays by selectively inhibiting c-Met activity (7). Additionally, it was characterized as enzymatically non-ATP competitive.
The current study delineates the underlying mechanism of c-Met inhibition by ARQ 197 through the application of biochemical, biophysical and structural studies. Collectively these data demonstrate that ARQ 197 strongly inhibits c-Met autoactivation by selectively targeting the inactive form of the kinase.
ATP-dependent kinetic experiments further show that ARQ 197 does not inhibit substrate phosphorylation by activated c-Met kinase. However, ARQ 197 is highly effective in inhibiting substrate phosphorylation when preincubated with the inactive form of c-Met.
The observed loss in ARQ 197 potency to inhibit phosphorylated c-Met is likely due to the rapid shift in equilibrium from the inactive enzyme to the activated state. A study of the kinetics of activation of the catalytic domain of cMet showed that the isolated kinase domain of cMet is highly active even in the unphosphorylated state.
The phosphorylation of c-Met has a profound effect on kinase activation and increases the catalytic efficiency (kcat/Km) by 160-fold (18) . This dramatic increase in catalytic efficiency is attributed to the geometric progression of the autophosphorylation reaction resulting in a rapid conversion from the unactivated to the activated state.
The time dependent and ATP-dependent loss of ARQ 197 potency in c-Met inhibition is the result of c-Met activation and the concomitant conformational change from the inactive to the active conformation to which ARQ 197 does not bind. In cells, millimolar ATP concentrations are present, and yet ARQ 197 inhibits c-Met autophosphorylation with a potency equivalent to its biochemical potency measured at lower ATP concentrations.
It is likely therefore that additional regulatory elements (including phosphatases) in cells assist in maintaining the inactive form (31, 32) . This is especially likely in the case of c-Met since in the absence of such regulatory elements, the isolated kinase domain used in the current study in the in vitro experiments is rapidly activated by ATP. It is also possible that in cells given a longer time interval, sufficient inactive c-Met molecules become accessible for binding, which is ultimately detected as a pharmacodynamic shut-down of cMet signaling (7) . Additional studies will be required to delineate the complex interplay of such cellular regulatory elements in order to determine their effects on the inhibition of c-Met by ARQ 197.
The crystal structure of ARQ 197 in complex with the kinase domain of c-Met provides a structural rationale for the selectivity of ARQ 197 for the inactive form of c-Met. It reveals an unusual conformation not previously reported for any other protein kinase and suggests a potential mechanism for selectivity. The tricyclic group of ARQ 197 occupies a centrally located hydrophobic pocket and forms hydrophobic interactions with the phenylalanines of the glycine rich-loop and DFG-motif. In order to form this pocket, the glycine rich-loop makes an inward movement, and the DFG-motif flips to the 'out' conformation.
This interaction is further facilitated by the insertion of the N-terminal region of the A-loop between ARQ 197 and the C-helix to cover the hydrophobic pocket with the alkyl side chain of Arg 1227. As a result of the formation of this rigid hydrophobic network, the ion-pair interaction of the catalytic residues is disrupted, and there is a concomitant large displacement (18Å) of the C-helix. The dramatic transformation of a polar ATP-binding cleft into an ATP-incompatible non-polar pocket forces cMet into an inactive conformation (Fig. 5A) . Another striking feature of the c-Met-ARQ 197 complex is the position of the A-loop, which folds into a canonical autoinhibited conformation. Such an inactive conformation mimics the positioning of the protein substrate and occludes its binding site.
A survey of all available crystal structures of c-Met from the Protein Data Bank (26) (39, 40) . Our analysis of the c-Met-ARQ 197 complex has identified clusters of hydrophobic residues which form distinct non-polar pockets that can be accessed by small molecule inhibitors such as ARQ 197. Given that the composition and conformation of these hydrophobic clusters are likely to be distinct for any given kinase in its autoinhibited conformation, it is possible that similar but kinasespecific pharmacophores can be identified for other kinases of therapeutic interest.
In summary, ARQ 197 is an example of a novel class of kinase inhibitor which binds to the inactive conformation of its target, c-Met. It is now possible to devise a systematic in silico design methodology that can be utilized for the design of similar inhibitors for other kinases and its application will be described elsewhere.
the first lag phase of the control (no inhibitor). Similarly, the IC 50 values were also calculated at a segment of the 10 minute time intervals at each ATP concentrations across the length of progress curve. Numbers in parenthesis refer to the highest resolution shell.
R sym = Σ|I avg − I j |/Σ I j . R factor = Σ | F o − F c |/ΣF o , where F o and F c are observed and calculated structure factors, respectively. R free was calculated from a randomly chosen 5% of reflections excluded from the refinement, and R factor was calculated from the remaining 95% of reflections. The RMS deviation values are the rms deviation from ideal geometry.
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